INTRODUCTION
An overhead line backflashover occurs when the tower or shield is struck by lightning. The lightning current passes to the earth via the tower causing a voltage difference between the tower cross-arms and phase conductors. If the rise in potential is large enough, a flashover will occur from the tower to the phase conductor. A surge can then propagate down the overhead line towards a substation and possibly result in damage to that equipment should it not be adequately rated. Much work has gone into producing accurate models of this process and one of the most difficult items to model accurately is the insulator coordination gap breakdown.
A particular issue is that the overvoltage produced by lightning does not have the standard 1.2/50[ts waveshape.
According to IEEE Std. [1] , non-linear effects such as corona, soil ionisation, tower surge response and reflection from adjacent towers, tend to distort the surge voltages from the standard impulse waveshape. Furthermore, the partial chopping that occurs when reflections return from adjacent towers is particularly important.
Therefore, a better understanding of the breakdown of an insulator / coordination gap under these 'non-standard' lightning voltages is needed [2] .
The evaluation of the strength of line insulation when exposed to non-standard waves has been investigated by the workers such as Pigini et al. [3] and Caldwell and Darveniza [4] . A comparative study and bibliography of research have been done by the IEEE Task Force regarding on the non-standard waveshapes [5, 6] . The following forms of models are used in insulation coordination studies and vary in their capability to deal with non-standard lightning impulse waveforms. [3] , Shindo [9] , Motoyama [10] and CIGRE [2] .
Leader phase: The time for leader propagation, t, is normally calculated on the basis of the knowledge of the velocity, which depends on the applied voltage, and leader length. As a practical simplification, the formula below was introduced as a "best fit" to the volt-time curves for standard lightning impulses. Table 1 : Parameter E and K for different configuration and polarity.
where ti is the corona inception time, t, is the time for streamers to cross the gap or meet the streamers from the opposite electrode and tl is the leader propagation time.
Corona phase: Most of the practical air insulations involved have a location with a high non-uniform field distribution and corona inception voltage is far below the breakdown voltage [2] . Therefore, by taking into account the high rate of rise of the applied voltage, the corona inception time, t, can be neglected without giving large errors.
Streamer propagation: The time for streamer propagation, t, is normally computed as the time that the voltage takes to reach a fixed average field strength in the gap. The duration of the streamer phase in pts can be estimated using:
If all of these models were run for a particular waveshape and a particular voltage they would always yield the same answer. This is not actually correct as if an insulator coordination gap is tested with a set shape of waveform at its 50% flashover voltage, it will actually breakdown 50% of the time. There is therefore a need to introduce random behaviour into the LPM model to investigate the effect that this has on backflashover simulations.
For the purpose of this study, the alteration has been made by introducing the concept of randomness to the constants E and K in equation (6) . By expressing E and K as a Weibull distribution as in equation (7), there is a requirement to then select suitable parameters 'a' and 'b' for use to model the distribution. 
E50
For the rod-plane geometry, the E50 values for different gap configurations and polarities can be obtained with the help of the graphs provided by Pigini et. al [3] . For geometries different from the rod-plane, where two streamers are present, the resulting velocity of the streamer has to be
These parameters have been selected through the use of experimental testing within a high voltage laboratory as will now be described. Fitting of data for volt-time (V-T) model Figure 5 shows the volt-time curve for tests using 1/47[ts waveform against a set of data points taken from a new fit to the relationship previously described in equation (2 The plot in Figure 8 shows a very good agreement between experimental and simulation results. The true test of this model is then examining the performance it exhibits when other waveforms were used. Figure 10 shows the system modelled for the simulation of a transmission line being hit somewhere between a tower and mid-span. This simulation predicts the expected overhead line backflashover rate and does not model any substation. The configuration of the first model is shown as Figure 10 and is based on a version of the British 400kV system [11] . The transmission lines are modelled with 50 metres line segments with a corona model included in each segment. Different positions of lightning attachment are used to reflect the random nature of lightning attachment and to calculate a realistic backflashover probability. The CG models at tower 2 (TW2) are used to monitor any backflashovers happening on the insulators at that tower. Figure 9 below shows the plots achieved for both waveforms. The plots show that the data observed from the simulations is in good agreement with the data obtained from the laboratory. This provides assurance that the implementation of the LPM model using randomised variables 'E' and 'K' allows the performance of an insulator coordination gap to be modelled with some degree of accuracy. A particular interest is then looking at how the Further of specific details relating to the model are described in Table 1 . Table 2 is used in the calculation. The equations (9) to (10) are used to estimate the BFR presented in Table 3 . 
BFR =0.6N P(I) flashes/100 km-years (12) 521 Table 3 : Estimated BFR for some areas in Malaysia based on the average backflashover current of 153 kA in Table 2 .
CONCLUSIONS
The modelling philosophy, simplified mathematical relationships and typical laboratory data for use in insulator coordination gap breakdown prediction were presented for use in the prediction of damage to a substation from transmission line backflashover. The validation of a modified LPM model and other models i.e. switch, DE and V-T using laboratory backflashover data has been carried out. The results have shown that the use of LPM models (both modified and standard) are better compared with the other CG models in backflashover analysis as they give good agreement to published results. There is no significant benefit in modifying the LPM model. By introducing the concept of randomness in modelling, a variation in results is achieved. However, there is not a significant difference in the results obtained when using the randomness compared with those obtained from use of the fixed LPM model.
